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Abstract 
Electro-discharge machining (EDM) is a non-conventional cutting technology widely applied to generate mechanical parts with a 
complex geometry. In order to describe the thermo-physical phenomena involved in this process and estimate the expected 
results for different cutting conditions, not only the experimental observation but also the numerical modelling is convenient. In 
the present work, a simplified numerical model is proposed to analyse the surface finish in penetration EDM with a minimized 
time for numerical computation. This model is focused on prediction of the material removal and surface irregularities on the 
workpiece material, from the heat transfer and cutting temperatures provoked by the successive sparks. The changes originated 
on the topography of machined surface can be properly predicted as a function of cutting time by the proposed model. The 
numerical predictions are compared with experimental results for the same cutting conditions, and a good agreement is found 
between both results. 
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1. Introduction 
In the industrial sector dedicated to manufacturing of machinery and mechanical components, the traditional 
technologies of material removal are frequently substituted by non-conventional processes such as electro-discharge 
machining (EDM). The EDM technologies are especially recommendable for mechanical components with a 
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complex geometry and a great hardness, since the final geometry of machined part is given directly by the electrode 
shape, and the material removal is basically governed by thermal phenomena that occur during this process.  
Numerous works have been oriented not only to the experimental analysis [1-2], but also to the numerical 
modelling of these machining processes [3-12], due to new experimental data and mathematical approaches are 
required for their appropriate understanding and optimization. In spite of the models that were developed in previous 
studies about EDM technologies, new computational approaches oriented to the totality of factors involved in 
electro-discharge machining are needed for a better prediction of these cutting processes. 
U. Aich and S. Banerjee [3] developed a numerical model to determine the effect of current intensity, pulse time 
and pause time during the EDM process. The model was applied to the machining of a high speed steel equivalent to 
grade M2 and the response maps for material removal rate (MRR) and arithmetic average roughness (Ra) were 
deduced. In the work of A. Torres et al. [4], the electro-discharge machining of Inconel 718 nickel-chrome alloys 
were studied. A series of experiments with different values of current intensity, pulse time, duty cycle and burning 
voltage were carried out, and regression models about their influence on surface roughness, electrode wear and 
material removal rate were deduced. 
W. Ming et al. [5] developed a hybrid intelligent model for electrical discharge machining, combining a model of 
single spark EDM process based on the finite element method (FEM), and a Gaussian process regression (GPR) 
model to define the effect of electrical process parameters on material removal rate and surface roughness. Y. Zhang 
et al. [6] reviewed the existent models for predicting the heat input during the EDM process. The numerical 
predictions by these models were compared to metallographic observations about the contours of melted material at 
the crater zone, and the Gaussian model was proved to present a higher accordance with the thermo-physical 
phenomena of these machining processes. 
M. Shabgard et al. [7] studied the plasma flushing efficiency and recast layer thickness during a single discharge 
EDM process by experimental measurement and numerical simulation. FEM method was employed to simulate the 
temperature distribution, and the crater shape was calculated from temperature profile. The flushing efficiency of 
plasma channel was defined as the ratio between the numerical and experimental crater volume, and an opposite 
influence on plasma flushing efficiency was found for intensity current and pulse time. Y.B. Guo et al. [8] also 
analysed the single spark electro-discharge machining, assuming a Gaussian expression for thermal energy input 
over the workpiece surface. The variation of temperature distribution and crater formation was predicted, and the 
melted metal contour was proved to be reduced with pulse time or expanded with intensity current. 
J. Wang and F. Han [9] investigated the debris and bubble movement inside the gap between the electrode and 
workpiece, due to their influence on the efficiency of consecutive-pulse discharges. These authors developed a three-
dimensional model to study the flow of gas, liquid and solid phases during the EDM process, and concluded that the 
bubbles are usually eliminated by bubble expansion and the debris are evacuated following the excluded bubbles. Y. 
Zhang et al. [10] proposed a new methodology to estimate the energy distribution and plasma diameter in EDM 
process. This method is based on comparison between the melted metal contours obtained at the craters by both 
experimental observation and numerical prediction, and it was applied to different dielectric fluids and current 
polarities. 
Not only the material removal by penetration EDM technologies, but also other applications such as wire EDM, 
EDM drilling and micro-EDM have been investigated during the last years. As an example of these studies, the 
works developed by J. Guo et al. [11] and A. Giridharan and G.L. Samuel [12] can be remarked. J. Guo et al. [11] 
proposed a combined atomistic-continuum modelling method that allows the simulation of heat transfer and 
molecular dynamics for single discharge micro-EDM. This model was used for calculating the variations originated 
in the cutting temperature, stress and micro-structure of workpiece material. A. Giridharan and G.L. Samuel [12] 
analysed the performance of wire electrical discharge turning (WEDT) during the manufacturing of micro- and axi-
symmetric components. The crater formation was simulated by the finite element method (FEM) and by an anode 
erosion model, and the results provided by both models were compared to crater diameters measured by scanning 
electron microscopy. 
In this work, the theoretical modelling of material removal on parts manufactured by electro-discharge machining 
(EDM) is carried out, and a new numerical model is proposed for predicting the material removal and surface finish 
in machined components as a function of process parameters. The proposed model consists in a simplified numerical 
approach that allows to estimate the material removal on the frontal side of the electrode with a minimized 
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computation time. The process analysis is focused on a 2D numerical simulation inside a representative area of the 
workpiece material, and a new generalized mathematical expression is used to study the surface heating as a function 
of stochastic position of successive sparks with regards to the 2D simulation area. 
2. Numerical modelling of EDM process 
2.1. Modelling and meshing of machining process 
The theoretical model proposed in this study is dedicated to the prediction of surface texture in penetration 
electro-discharge machining (EDM) processes with a minimized calculation time. This model is focused on the 
analysis of material removal at the zones affected by the front face of electrode, from the estimation of heat transfer 
and thermal gradients along the workpiece material. 
The proposed model is conceived for 2D numerical simulation in a representative section of machined part, in 
order to make possible the simplified simulation of EDM process with a reduced computational time. The process 
modelling is based on the finite difference method (FDM), and material removal caused by the action of sparks is 
calculated under the limits of the 2D simulation area considered for the numerical modelling. Fig. 1 represents the 
meshing of the 2D simulation area over an example of part to be generated by electro-discharge machining. 
 
 
Fig. 1. 2D meshing area for numerical simulation of EDM process. 
2.2. Heat input from the plasma channel 
The numerical simulation of heat input and material removal is based on the Gaussian expression that has been 
also applied in previous works to estimate the thermal energy provided by plasma channel [6]. Nevertheless, in this 
study the process analysis is focused on a 2D working area with the objective of minimizing the time required for 
numerical simulation, and for this purpose a novel mathematical expression is employed to describe the thermal 
energy provided by the successive sparks. 
The equation that can be found in the literature describes the heat input as a function of the distance to the plasma 
axis in radial direction [6], but in this work a generalized expression is proposed for this equation in order to limit 
the numerical simulation to a 2D working area that will serve to predict the surface quality of machined part, and so 
it will also include the traverse distance between each spark and the 2D simulation area. 
The following equation is considered in this work to evaluate the heat input to the workpiece surface, with a 
similar exponential expression but also including the traverse distance to spark position for each node of the 2D 
simulation area: 
ݍሺݎǡ ݀ሻ ൌ ܽݍ଴݁ݔ݌
௕ήቆೝమశ೏మೃ೛మ ቇ   (1) 
where q0 is the total thermal energy provoked by each spark, Rp is the radius of plasma channel, a and b are the heat 
input constants, r is the radial distance to the plasma center for each point in the workpiece material, and d is the 
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distance between the spark center and the 2D simulation area in traverse direction, which will depend on the random 
position that could correspond to the successive sparks to be considered for each calculation step during the 
modelling of electro-discharge machining. 
Fig. 2 illustrates the heat flux distribution over the workpiece surface from this mathematical expression. This 
figure is located on the 2D simulation area, and so only the effect the distance to central position of plasma channel 
is represented. As can be seen in this figure, the greatest amount of thermal energy will be received at the nodes 
closer to the plasma axis, while an exponential decay will be produced as the radial distance to the plasma axis is 
increased. 
The heat input constants a and b depend basically on the thermal properties of workpiece material, and the values 
found in literature can be considered for this generalized expression. For computation of the thermal energy supply 
to the machining area according to Equation (1), the overall heat input generated by each spark can be estimated 
using the following expression as a function of the electrical parameters selected for the EDM process: 
ݍ଴ ൌ ிೢ ௎ூ௧೔గோ೛మ    (2) 
where Fw is the proportion of heat input transmitted to the workpiece material, U and I are the burning voltage and 
current intensity to be programmed in the EDM CNC machine, and ti is the pulse time that the electrical circuit will 
be active during each burning cycle. 
 
Fig. 2. Heat input distribution on the workpiece surface during the EDM process.  
2.3. Heat transfer and cutting temperatures 
The simulation of thermal heating and material removal along the different zones of the workpiece material, is 
carried out through the balance of cutting temperatures at each node of the 2D simulation mesh, including the heat 
input from the sparks generated by the electrical circuit and the conduction and convection thermal transfer with the 
other workpiece zones and the dielectric fluid, respectively. 
The instantaneous temperature for each node of the mesh will be given by the following simplified explicit 
expression, for each simulation step during the computational simulation of the electro-discharge machining 
process:  
௜ܶǡ௞ǡ௦ ൌ ௜ܶǡ௞ǡ௦ିଵ ൅ ሺ߂ ௅ܶሻ௜ǡ௞ǡ௦ ൅ ሺ߂ ோܶሻ௜ǡ௞ǡ௦ ൅ ሺ߂ ்ܶሻ௜ǡ௞ǡ௦ ൅ ሺ߂ ஻ܶሻ௜ǡ௞ǡ௦  (3) 
where ௜ܶ ǡ௞ǡ௦ିଵ represents the cutting temperature at the active mesh node for the previous cutting time and ሺ߂ ௅ܶሻ௜ǡ௞ǡ௦,  
ሺ߂ ோܶሻ௜ǡ௞ǡ௦, ሺ߂ ்ܶሻ௜ǡ௞ǡ௦ and ሺ߂ ஻ܶሻ௜ǡ௞ǡ௦  are  the temperature increments from the adjacent nodes located at the left, right, 
top and bottom, respectively. 
The four terms of heat transfer that are contained in Equation (3) will be solved by an explicit method in order to 
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cutting temperatures at the active node and adjacent nodes that correspond to the cutting time for the previous 
calculation step. 
The temperature increment due to the heat input provided by the plasma channel, will be computed using the 
following expression from the thermal energy giving by Equation (1), in which the radial and traverse distance are 
integrated for a minimized calculation time:  
ሺ߂ܶሻ௜ǡ௞ǡ௦ ൌ ο௧௤ሺ௥ǡௗሻο௠௖೛    (4) 
where q(r,d) is the heat input to the workpiece surface, ∆t is the cutting time step for EDM process simulation, ∆m is 
the effective mass for the active mesh node and cp is the specific heat capacity that corresponds to the phase 
transition of workpiece material. 
On the other hand, the temperature increment provoked by thermal conduction with regards to the adjacent nodes 
of the machined part can be determined according to the following expression, for each mesh node inside the 2D 
simulation area:  
ሺ߂ܶሻ௜ǡ௞ǡ௦ ൌ ο௧௞ο஺൫ ೛்ǡ೜ǡೞషభି்೔ǡೖǡೞషభ൯ο௠௖೛ο௦    (5) 
where T(p,q,s-1) is the cutting temperature at the adjacent node for the previous computation step and ∆s is the distance 
between these nodes in the axis x or y. 
Finally, the following mathematical expression is assumed to estimate the temperature increment that can be 
produced as a consequence of the heat transfer by convection between the machined surface and dielectric fluid:  
ሺ߂ܶሻ௜ǡ௞ǡ௦ ൌ ο௧௛ο஺൫்೏ି்೔ǡೖǡೞషభ൯ο௠௖೛    (6) 
where Td is the temperature achieved by the dielectric fluid during the EDM process,  ∆A is the contact area for 
thermal convection between the computed node inside the 2D simulation area and the surrounding fluid dielectric. 
2.4. Boundary conditions 
With the purpose of minimizing the computational time required for process simulation, only the nodes of plane 
xz that are contained in 2D simulation mesh will be computed during the numerical analysis of EDM process, and 
certain boundary conditions will be assumed to represent the cutting temperature at surrounding zones with regards 
to this simulation area. 
During the calculation of thermal transfer at nodes in contact to these not-computed zones of machined part, the 
temperature at these zones for a cutting time t(s-1) (which corresponds to a previous calculation step) will be 
estimated as the temperature registered for the active node for a cutting time t(s-2) (for twice earlier computation 
step).  
2.5. Surface finish 
For each computation step during the numerical simulation of EDM process, the nodes that arrive or exceed a 
temperature level that corresponds to the melting point of workpiece material will be considered removed from the 
part surface and so they will be eliminated from the 2D mesh area. 
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Fig. 4. Surface profile from numerical simulation for 6 A current intensity: (a) initial cutting times; and (b) final cutting times. 
 
 
Fig. 5. SEM image of machined surface for current intensity of 6 A. 
a b
a b
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The profile of machined surface for each value of cutting time, can be determined by computation of the external 
surface that results from the nodes deleted during the previous calculation steps, from the beginning of process 
simulation until the current cutting time. 
The surface profile provided by the numerical model can be used to describe the effect of process parameters on 
the surface finish of parts generated by electro-discharge machining (EDM), and so the optimum process conditions 
that contribute to satisfy the expected surface quality could be deduced by this computational model. 
3. Cutting conditions for EDM simulation 
The numerical simulations carried out in this work correspond to the penetration EDM of an AISI 316 stainless 
steel using copper electrodes. A burning voltage of +200 V, pulse time of 100 µs and pause time of 25 µs were 
adopted for the totality of computational predictions. 
Besides, a series of EDM experiments were made for the same cutting conditions using an ONA DATIC D2030 
machine tool with a numerical control DATIC F30. For validation of numerical results, the machined parts were 
analysed by scanning electron microscopy (SEM) and the crater diameter was measured as a function of current 
intensity. 
4. Discussion of results 
4.1. Cutting temperatures 
The proposed computational model is oriented to the numerical simulation of surface finish in penetration 
electro-discharge machining (EDM), and it is focused on thermal transfer and material removal on the front side of 
electrode during the machining process. The results obtained about the computational study of thermal gradients and 
surface texture will be presented as follows. 
The temperature distribution on the working surface as a consequence of heat input during the EDM process is 
illustrated in Fig. 3. The thermal results of this figure corresponds to electro-discharge machining of an AISI 316 
stainless steel with a current intensity of 6 A. Fig. 3a shows the results obtained during the initial times of machining 
process, while the temperature distribution for higher cutting times is represented in Fig. 3b. 
The region located at the top of the images contained in this figure corresponds to the volume covered by 
dielectric fluid.  The region of dielectric fluid is not discretized by the numerical model in order to avoid the 
additional computations that would be required for detailed analysis of this volume, and therefore average cutting 
temperatures are considered for the totality of dielectric region during the simulation of heat transfer. 
The instantaneous machined surface and the cutting temperature distribution for two different cutting times are 
represented in Figs. 3a and b. As can be seen in these figures, for each instant of the EDM process a higher surface 
heating is found at the zones that corresponds to the craters that were more recently created during this machining 
process, and the cutting temperature decreases towards the bottom of working part and towards the other zones of 
machined surface, as a consequence of thermal conduction and convection after the action of successive sparks. 
4.2. Surface profile 
The simulation of heat input and material heating by the proposed model, will serve to deduce the material 
removal at the different zones of workpiece surface and the resultant surface profile of machined part, which is the 
main objective of this numerical model dedicated to the analysis of electro-discharge machining. 
Fig. 4 shows the surface profile obtained for two different cutting times, as a consequence of successive sparks 
during the electro-discharge machining. The results depicted in Figs. 4a and b correspond to cutting times close to 
those considered for the temperature distributions of Figs. 3a and b. Fig. 4a represents the surface profile for initial 
cutting times, while the results obtained at the end of this machining process can be observed in Fig. 4b. 
A different surface pattern is evidenced in the profiles represented in both figures, due to the progressive material 
removal originated during the EDM process. For the low cutting times of Fig. 4a, the instantaneous surface provided 
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by the numerical model is very similar to the initial workpiece surface, although the material removal began in some 
zones of the part surface. Nevertheless, the characteristic crater shape of surfaces generated by electro-discharge 
machining is encountered in Fig. 4b. 
Fig. 5 represents the surface topography of final parts when a current intensity of 6 A is adopted, and an average 
crater diameter of 210 µm is evidenced in this figure. A size of craters of about 200 µm can be deduced from the 
surface profile of Fig. 4b, which is in accordance with the crater diameter measured during the experimental analysis 
for the same cutting conditions. As a consequence, a good agreement was found between the numerical predictions 
provided by this model and the experimental observations in terms of the size of craters generated on the machined 
surface. 
The proposed model was proved to be useful for numerical analysis of penetration electro-discharge machining 
(EDM) process in the front side of electrode, since not only the cutting temperature distribution but also the material 
removal and formation of craters that characterizes this machining process can be predicted by this computational 
model. 
5. Conclusions 
In this work a new numerical model for predicting the surface finish in parts produced by penetration electro-
discharge machining (EDM) is presented. This model consists of a simplified numerical approach with a reduced 
computational time to analyze the material removal and surface profile in the front side of the electrode. This 
mathematical model is based on the estimation of thermal energy provided by each successive spark, and is oriented 
to 2D numerical simulation of EDM process in a representative section of workpiece material. The proposed model 
can be employed to predict the heat input and thermal gradients, as well as the surface texture of the parts subjected 
to electro-discharge machining. The analysis of the progressive material removal and the formation of typical craters 
of these machining processes can be described by this model. The numerical predictions present a good agreement 
with experimental observations for the same cutting conditions in terms of crater diameter. 
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